The pH values for solut ions of borax (sodium tetraborate decahydrate) and sodium chloride were determined from 0° to 60° C by the method of cells without liquid junction. In one series, the effect of sodium chloride on the apparent ionization constant of boric acid was determined by measurements of cells in which the concentration of borax was maintained constant (O.Olm) while that of the sodium chloride was varied. In a second series, the pH values of various concentrations of borax in O.OI-m sodium chloride were measured, and in a third, similar measurements were made of solutions containing O.025-m borax with a variable concentration of chloride.
INTRODUCTION
In an earlier communication [1] 1, data were presented from 0° to 60° C for the ionization constant of boric acid and the pH values of solutions composed of stoichiometrically equal ratios of boric acid, sodium borate, and sodium chloride. For the reversible functioning of the silver-silver-chloride electrodes used in the determination of pH by the method of cells without liquid junction [2] , the presence of an alkali chloride is necessary. However, buffer solutions for use in \ Figures in brackets indicate the literature referenees at the end of this paper. 543 checking or calibrating instruments for the measurement of pH are more conveniently prepared without the alkali chloride. For this reason there was made a study of the effect of sodium chloride on the pH of solutions of borax.
In this paper measurements are reported of the emf from 0° to 60° 0, at intervals of 5 degrees, of hydrogen and silver-silver-chloride electrodes immersed in three series of buffer-chloride solutions and the calculations of the pH values of these mixtures.
Series A contained 0.01 mole of borax (sodium tetraborate) and from 0.008 to 0.08 mole of sodium chloride per kilogram of water.
In series B the concentration of chloride ion was kept constant at 0.01 m, whereas that of the borax was varied progressively from 0.004 to 0.05 m. In series C the concentration of borax was kept constant at 0.025 m, whereas that of the chloride was varied from 0.005 to 0.05 m. Comparisons were made with the data of Owen [3] for concentrated solutions of borax in sodium chloride. At the same concentrations, both sets of data for the values of the negative of the common logarithm of the apparent ionization constant of boric acid agree to within ± 0.002.
The apparatus and the experimental procedure used have been described previously [1] . Distilled water having a specific conductance at 25° 0 of 0.5 X lO-e mho/cm 3 was used for the preparation of the solutions.
II. ELECTROMOTIVE FORCE OF GALVANIC CELLS AND THE APPARENT IONIZATION CONSTANT OF BORIC ACID
Measurements were made of the emf of the cell:
at 5-degree intervals from 0° to 60° O. The electromotive force of the cell in eq 1 is given by
E=Eo-k log (aB.!ClmCl), (2) where E is the measured emf of the cell, EO is the normal potential of the silver-silver-chloride electrode when the activity of the chloride ion is unity [4] , k is the value for (2.3026 RT/F) at the temperature of the measurements [5] , an is the activity of the hydrogen ion, and mCI andici are the molality and the activity coefficient, respectively, of chloride ion. By this method the mean activity coefficient of hydrogen and chloride ions is obtained. To calculate aH, the assumption is made thatiH-fcl. The activity of the hydrogen ion is governed principally by the value of the ionization constant, K, of the boric acid, '
and the buffer ratio, mn3B03/mB03=mdm2, corrected for hydrolysis.
The compositions of the solutions in moles per kilogram of water (vacuum basis) and the emf £rom 0° to 60° C, corrected to 1 atmosphere of hydrogen are given in Values of the negative of the common logarithm of the apparent ionization constant (pK') of boric acid were calculated for each temperature and concentration by means of the equation (4) Plots of pK' at 0°, 25°, and 60° C against the ionic strength, f.I, are given in figure 1. Curve A, series A, shows the results obtained when the concentration of borax was kept constant at 0.01 m, whereas that of the chloride was varied; curve B, series B, is plotted from the data in which the concentration of chloride was maintained at a constant value (0.01 m), whereas that of the borax was varied; curve 0, series 0, denotes the data obtained when the molality of borax was 
In eq 5, pK~ is the negative of the common logarithm of the apparent ionization constant of boric acid in either a 0.01-m or a 0.025-m solution of borax free from sodium chloride, and 0 is a constant at a given concentration of buffer. Similarly, the quadratic equation (6) expresses the variation in series B of the n egative logarithm of the apparent ionization constant of boric acid in O.Ol-m sodium chloride. The values for pK~ and for the constants in eq 5 and 6 differ because the extrapolations are made to different ionic strengths, and are given in table 2. 
III. pH VALUES OF BORAX-CHLORIDE SOLUTIONS AND THE pH OF SOLUTIONS OF BORAX WITHOUT SODIUM CHLORIDE
The pH values for the solutions of series A and 0 were calculated from the equation (7) where the value for a was obtained from the variation of pK' with ionic strength. A value of 4.4 was used for a1 [1] . 2 The pH of these solutions are expressed more conveniently in terms of the concentration of the added salt by the equation (8) in which pH(mBorax=O. Hamer and Acree 19] proposed a method for calculating the pH of buffer-chloride solutions that obviates the necessity of determining either a( or C. This procedure, once its validity were established, would have much to recommend it, especially in the treatment of uniunivalent buffer mixtures. Hamer and Acree proposed the equation (9) for the calculation of buffer solutions containing no chloride ion, in which -log (jHiclmH)O represents the limiting value at mCJ=O of -log (fH!clmH)=(E-EO)/k+log mcr, and PandQareconstants whose numerical values are independent of the pH of the buffer but depend only on the temperature, the nature of the cation, and the ionic strength of the solution. This method was applied by them to the calculation of the pH of 0.05-m acid potassium phthalate from 0° to 60° C and compared with the pH calculated by the longer but more rigorous process involving at, and ClIO]. The difference between the pH values obtained by the longer and the shorter methods varied from +0.005 to -0.004 pH unit from[OO to 60° C.
The pH of O.Ol-m and 0.025-m solutions of borax free from sodium chloride were calculated with the use of eq 9 and the values of P and Q given in table 4. 3 Although these values of P and Q are for potassium salts, consideration of the work of Harned and Hamer [11] and of Harned and Mannweiler [12] indicate tbat the difference between potassium and sodium salts is small, especially in dilute solutions.
The pH values for O.OI-m and 0.025-m borax buffers calculated by the two methods are given in table 5. In the case of O.Ol-m borax buffer, the trend of the difference is about the same as that found for phthalate. For 0.025-m borax buffer, the agreement is considered satisfactory. Tempera- Plots of pHcmBorax_o.o1, mCI~X) and of pHcmBorax_o.o25. "'CI_X) from 0° to 60° C as a function of the molalit.y of sodium chloride are given in 9 .50. I- 
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930. 1-15 , -pH 9.20. The pH of the solutions in series 13 were also calculated with the values for pK' and for P and Q in table 4. At the same concentration, pH values calculated with the use of eq 7 appear to average 0.003 unit higher than those computed by eq 9. The shorter method therefore appears to be promising, and it should be subj ected to further tests on other buffer systems.
The pH values for the more dilute borax golutions are probably the more trustworthy because the corrections for the activity terms are smaller. It must also be recognized that some polyboric acids may be formed in the more concentrated solutions. Thygesen r13] measured the specific conductance at 18° C of aqueous solutions of boric acid ranging in concentration from 0.03 to 0.60 molar. His data indicated the formation of polyboric acids in the more concentrated solu tions and yielded the following approximate equilibrium constants: 4 H2B40 7=H+ + HB4o.7"; Kl = 1.8 X 10-(. I As an alternate explanation, Thygesen pointed out that the formation of a number of polymers such as (H,BO,)n could be postulated where n=I, 2, 3,4,5, etc. Ou this hasis, it was concluded that the predominant polymer was the singly ionized form of triborle acid HsB30, or B,O,. Unfortunately for both assumptions, at the higher concentrations of boric acid the increase in the apparent gross ionization constant of boric acid is paralleled by an increased uncertainty in the interpretation of the conductance data. The literature up to 1938 has been summarized by Thygesen. The value for the first ionization constant, K1 of eq 11, was estimated by analogy with the ratio of the two ionization constants of glutaric acid, a typical organic acid.
If the conclusions of Thygesen for free boric acid, pH approximately 4.5, are applied to solutions of boric acid and sodium borate of pH 9, the ionization constants given above suggest that in O.Ol-m borax over 50 mole percent of the total boron is in the form of tetraborate ion, B40 7 --, and increases to 85 mole percent for a 0.05-m solution. The correctness of these estimated values is not supported by interpretations of the Raman spectra of solutions of borax [14] .
From the work of Kolthoff [15] at 18° C, Latimer [ The neglect of the formation of these polymers affects only to a small degree the values for the pH of buffer-chloride solutions calclllated by means of eq 7. For example, a solution containing 0.2 mole of boric acid and 0.1 mole of sodium hydroxide per liter of solution and in which the formation of polymers is ignored, mH3Bo3=0.1, mBo-2=0.1, and the ionic strength is 0.1. If, on the other hand, the formation of polymers is recognized, mB40~-=3 X 10-3 , mHB 4 0 7 = 2X10-4, mH2B407=lX10-1O, mH3Boa=0.10565, and mBo2=0.08155. (The concentrations of boric acid and of borate ion are not significant to the number of figures given but were calculated by difference.) The ionic strength in this case is 0.0938. The difference in the calculated pH of the two solutions is -0.003 unit when the same value for e in eq 7 is used in each case.
In view of the uncertainty in the exact yalue for t.he ionization and association constants in eq -11, 12, and 13, an error of ±0.005 unit is assigned to the pH values of the 0.05-m solutions. It should be emphasized that the magnitude of the uncertainty from this cause drops rapidly with decreasing concentration and may be neglected for solutions as dilute as 0.02 m.5
IV. COMPARISON WITH THE pH VALUES IN THE LITERATURE
The pH values reported by a number of the earlier workers for the same concentration of buffer differ somewhat because of either the complete disregard of t.he potentials at the liquid junction or the use of the Bjerrum extrapolation [17] and the assumptions made in the "elimination" of these potentials. Further, it was not then r ecog-
• The fact that it would be permissible to neglect the formation of polyboric acids in dilute solution was one of the factors in the decision to limit to 0.01 m the maximum concentration of borax for use as a pH standard. The pH values of the more concentrated solutions, however, are useful for comparison with other data in the literature.
nized that the potential of the calomel electrode was affected by lack of intimate contact between the finely divided mercury and the mercurous chloride [1 8), by exposure to air [19] , the presence of small amounts of potassium bromide [20] , and by thermal and electrical hysteresis [21] . The algebraic sum of these errors may have varied from one investigator to the next. A number of workers assumed that the pH at the midpoint of the neutralization of boric acid was equal to pK' and were not aware, for example, of the correction of approximately 0.1 pH unit in 0.05-m solutions of borax which would now be applied for the activity coefficient of the borate ion. For these reasons, it is difficult to apply suitable corrections to some of the earlier data. Some of the data, especially those obtained in the last few years, are recorded in sufficient detail to permit the recomputation 
7, authors used Huniversal buffer."
Value for pK' in col. 6 at midpoint of titration. of pH values that take cogIfizance of present views concerning the interaction of ions in solutions.
In table 7 are given the values obtained by various workers for the pH of solutions of borax at various concentrations and temperatures, together with the available information concerning the type of cell used. The corresponding values obtained from the results of the present paper by the method of cells without liquid junction are given in column 7.
Recently, Hitchcock and Taylor [35] measured the electromotive force, E , at 25° and 38° C of hydrogen and calomel electrode cells containing various buffers at several dilutions. A combined function of the measured emf of the cell, the ionization constant of the buffer acid, the buffer ratio, and the first term, AJ.L72, of the Debye-Huckel expression was plotted against the ionic strength and extrapolated to J.L=O to obtain the value of Eo in the equation
where Eo is the potential of the reference electrode including the liquid-junction potential. The pH values calculated for the borax buffers on the assumption that Eo r emains constant are given in column 6 of table 7.
The extrapolated value for Eo obtained by this method appears to include the liquid-junction potential between an infinitely dilute buffer and saturated potassium chloride solution, and if the experimental measurements are extended to solutions that are sufficiently dilute, one should obtain values for Eo that are independent of the buffer employed. In calculating the pH of buffers of finite concentration, however, the value for Eo used as a constant in eq 15 should perhaps be r eplaced by Eo' = Ere/+Ej, where Ere! is the invariant potential of the r eference electrode and E j is the potential generated at the liquid junction between saturated potassium chloride and the particular concentration of buffer in question. 6 From the pH-titration curve of boric acid with sodium hydroxide, Branch, Yabroff, and Bettman [33] r eported 9.20 for the apparent ionization constant, pK', at an ionic strength of 0.03. Two corrections to their data are permissible: (a) the accepted value at 25° C for the pH of the 0.05-m potassium acid phthalate is now 4.01 instead of 3.97 as employed by these authors, and (b) activity of the borate ion should be employed, rather than its gross concentration. The first of these corrections amounts to +0.04 pH unit and the second to -0.07 unit at a buffer concentration of 0.015 m. The corrected pH value is 9.17, which checks well with 9.175 interpolated from table 6 .
The values given by Menzel [28] should be increased by 0.04 unit to compensate for the change from 3.97 to 4 .01 for the pH of phthalate buffer. His value for the pH of a mixture of O.OI-m H 3B03 +O .01-m , "The pH values given by Hitchcock and Taylor were calculated from their emf data without correction for li Quid·junction potentials. For a given reference electrode at anyone temperature. they employed only one Eo value, which was tbe average of values given by tbe extrapolation of data obtained with several buffer systems", (personal communication from Dr. Hitchcock).
It should be empbasized tbat tbe numerical value calculated for tbe pH of a solution depends somewbat on the definition of tbe term "pH." The differeuces between columns 6 and 7 of table 7 should be construed in tbis light. For the justification of tbe basis used by this Laboratory in calculating tbe pH of solutions by the method of cells without liquid junctions, reference is made to the paper by Hamer and Acree 12J. It bas been suggested tbat pH values defined on this basis be given a distinctive symbol sucb as pH to avoid confusion witb the values of pH determined from cells witb liquid junctions in which a uniform value is used for Eo. (See footnote 2 of reference 2.) NaB02 at 25° 0 then becomes 9.19, compared to 9.184 estimated from the method of cells without liquid junctions. The correction for the difference in the liquid junction potentials between phthalate and borate buffers at these concentrations is negligible [36] .
Walbum [26] measured from 10° to 70° 0 the pH of mixtures of O.l-m sodium borate and O.I-m boric acid. These data are quoted extensively in Olark [27] . The correction for the liquid-junction potential was made by the extrapolation method of Bjerrum. The interpolated value at 25° 0 for the pH of 0.05-m borax is 9.19 from Walbum's data and 9.196 from table 6. Because additional details are lacking, it is difficult to make corrections at other temperatures.
Olark and Lubs [25] measured at 20° 0 the emf of a cell composed of a hydrogen electrode immersed in a buffer solution and a saturated calomel electrode and compared the potential of the latter with the tenth-normal calomel electrode. The emf data were then reported for the hydrogen and tenth-normal calomel electrode with a bridge of saturated potassium chloride. In addition to the customary correction to the observed emf,
where P is the barometric reading and p is the vapor pressure of water in the solution, Olark and Lubs made a further correction for the concentration (the pressure) that the hydrogen gas would have if it were at 0° C instead of the temperature of the measurements. S~rensen's measurements at 18° 0 [23] made use of the tenth-normal calomel electrode and the Bjerrum extrapolation. The potential of the reference electrode (E"f+ E j ) was determined by replacing the buffer solution with O.Ol-m HCl+0.09-m NaC!. The value 9.24 at 18° C was obtained for the pH of 0.05-m borax. One correction to the above work involves a change in pH value of the hydrochloric acid-sodium chloride mixture. S$1lrensen used 2.038; the current treatment of electrolytes yields 2.014 [37] , from which Erel+Ej= 0.3389 v. A second correction involves the difference in the values for (EjI-EjlI)/k between the hydrochloric acid-sodium chloride solution and the borax buffer each in contact with a saturated solution of potassium chloride. This correction is estimated to be -0.02 pH unit [36] . The corrected value for the pH of Sfbrensen's borate buffer is therefore 9.20 with a possible uncertainty of ± 0.02 unit. From table 6 the pH for a solution of borax of the same concentration is 9.215.
It is therefore evident that to a large extent the discrepancy between the pH values of comparable buffers determined by the method of cells (a) with liquid junction and (b) without liquid junction is due for the most part to the manner employed in the first method for making the correction for the liquid-junction potential. Considering the variety of methods by which the corrections were made, the agreement is satisfactory.
V. RECOMMENDED BUFFER SOLUTION
While any of the concentrations of buffer listed in table 6 can be used for the preparation of solutions of a definite pH value, it is believed that, because of the closer approach to an ideal behavior of the ions in a dilute solution, the most practical concentration is a mixture of 0.02 mole of boric acid and 0.02 mole of sodium borate dissolved in 1 kg of water. This solution can be prepared by dissolving 3.81 g of borax (0.01 mole) in freshly boiled distilled water in a I-liter volumetric flask and filling the latter to the mark. 7 The r esistance of solutions of borax to change in pH on dilution is large and permits the use of concentration on the volume rather than on weight basis, the difference in this case being less than 0.001 pH unit. The high molecular weight of borax, 381.434, is another advantage. The pH values from 0° to 60° C for this solution are the same as those given in column 2 of table 6.
The O.Ol-m borax buffer forms a useful standard for the calibration of pH meters that use the Corning type 015 glass electrode because the "sodium error" for this buffer is only 0.01 pH unit. It is recommended that all types of pH meters be calibrated with at least two buffers spaced as widely apart as possible on the pH scale. In addition to 0.05-m potassium acid phthalate, pH= 4.005 at 25° 0, for which the correction (E jI -E jn ) /k is negligible, a number of other standard buffers have been recommended 136].
